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Formation of hollow MoS2/carbon microspheres for high capacity and
high rate reversible alkali-ion storage
Abstract

Nanocomposites of carbon and molybdenum disulfide have attracted much attention due to their significant
potential in energy conversion and storage applications. However, the preparation of these 0-D MoS 2
/carbon composites with controllable structures and desirable properties remains a major manufacturing
challenge, particularly at low cost suitable for scaling-up. Here, we report a facile solution-based method to
prepare porous hierarchical 0-D MoS 2 /carbon nanocomposites with vertical MoS 2 growth on a hollow
carbon support, suitable for the electrochemical storage of lithium and sodium ions. The vertically aligned
MoS 2 /hollow carbon material shows excellent performance in the storage of a series of alkali-metal ions (e.g.
Li + , Na + , and K + ) with high capacity, excellent rate capacity, and stable cyclability. When used for the
storage of Li + ions, it possesses a high capacity of over 800 mA h g -1 at a rate of 100 mA g -1 , with a
negligibly small capacity decay as low as 0.019% per cycle. At a substantially higher rate of 5 A g -1 , this MoS 2
/carbon nanocomposite still delivers a capacity of over 540 mA h g -1 , showing its excellent performance at
high rates. Remarkably, this material uniquely delivers high capacities of over 450 mA h g -1 and 300 mA h g -1
for Na + and K + ion storage, respectively, which are among the highest values reported to date in the
literature. These excellent characteristics confirm the hollow MoS 2 /carbon nanocomposites to be a primary
contender for next generation secondary batteries.
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The nanocomposites of carbon and molybdenum disulfide have attracted much attention due to their significant
potentials in energy conversion and storage applications. However, preparation of these 0-D MoS2/carbon composites
with controllable structures and desirable properties remains a major manufacturing challenge, particularly in low cost
suitable for scaling-up. Here, we report a facile solution-based method to prepare porous hierarchical 0-D MoS2/carbon
nanocomposites with vertical MoS2 growth on the hollow carbon support, suitable for the electrochemical storage of
lithium and sodium ions. The vertically aligned MoS2/hollow carbon material shows excellent performance in the storage
of a series of alkali-metal ions (e.g. Li+, Na+, and K+) with high capacity, excellent rate capacity, and stable cyclability. When
used for the storage of Li+ ions, it possesses a high capacity of over 800 mAh g-1 at a rate of 100 mA g-1, with a negligibly
small capacity decay as low as 0.019% per cycle. At a substantially higher rate of 5 A g -1, this MoS2/carbon nanocomposite
still delivers a capacity of over 540 mAh g-1, showing its excellent performance at high rates. Remarkably, this material
uniquely delivers high capacities of over 450 mAh g-1 and 300 mAh g-1 for Na+ and K+ ion storage, respectively, which are
among highest reported to date in the literature. These excellent characteristics confirm the hollow MoS2/carbon
nanocomposites
as
a
primary
contender
for
the
next
generation
secondary
batteries.

Introduction
In recent years, there has been a significant increase in
demand for the development of materials and devices with
high energy storage density and power density, for use in
portable electronics, electric vehicles, or stationary power
grids, etc. Among the various energy storage devices, lithium
ion batteries (LIBs) are the most successfully commercialized
and widely used batteries worldwide. In a typical LIB,
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The Raman spectra, XRD spectra, TGA spectra, nitrogen adsorption-desorption
isotherms and the first charge-discharge profiles of the samples. The cycling
stability of MoS2/C-0.3 sample tested for 200 cycles. The LIB CV profile of MoS2/C0.3 sample. The SIB and PIB evaluation profiles including CV, cycling stability and
charge-discharge
profiles
of
the
sample
C@MoS 2-0.3.
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electricity is stored and released by the reversible insertion
and desertion of Li+ at the anode (e.g. graphite) and cathode
(e.g. LiFePO4 and LiMO2 where M represents either metallic
Co, Mn, Ni, or their mixtures) materials.1-6 In order to further
improve the energy density of LIBs, novel battery materials
continue to progress with higher capacity in both the anode
and cathode electrodes. Molybdenum disulfide (MoS2), a twodimensional transition-metal sulfide layered material, is
considered among the most promising anode materials for the
next generation LIBs due to its high lithium storage capacity of
up to 670 mAh g-1, versatility in microstructure, and ease of
synthesis.7-9
Furthermore, battery systems using alkali metal (i.e. Na and
K) species with higher earth abundancy than Li, have been
recently studied with the purpose of finding alternative energy
storage solutions to LIBs. However, the larger dimensions of
these alternative ions, will not provide satisfactory capacity
with the conventional anode materials used in LIBs. As a result,
alternative electrode materials with larger interlayer spacing
have been proposed for the storage of these alkali metal
ions.10-13
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Fig. 1 Schematic diagram of the one-pot synthetic protocol of MoS2/carbon composite hollow nanosphere.

Among them, the MoS2-based materials are especially
attractive, not only due to their much larger interlayer
distance, but also their facileness to be synthesized into welldefined nanostructures that further augment performance.
For example, to deal with the poor electronic conductivity and
large volume variations during the insertion and extraction of
the metal ions,8, 14 MoS2 has been constructed into a diverse
range of nanostructures that buffer the stress during charge
and discharge. 16 In the meantime, carbons or other
conductive substrates have been incorporated to form
composites with different geometries and dimensions,
including 0-dimension (0-D) MoS2/carbon nanoparticles or
hollow MoS2/carbon nanospheres,17-20 1-dimensional (1-D)
MoS2/carbon nanofibers or nanotubes composites,21, 22 2dimensional (2-D) MoS2/graphene composites,23-26 or their
macroscopic assemblies (3-D).27, 28
These efforts could lead to much improved lithium ion
storage performances and be potentially suitable for other
metal ions as well, in terms of both capacity and charge cycle
stability. However, the gap between these bench-top studies
and practical applications is still large. One of the most critical
issues lies with the cleanness, facileness, and scalability of the
materials and their synthesis, especially for the preparation of
the very desirable 0-D and hollow-structured MoS2/carbon
materials, which are expected to provide a more efficient
utilization of the conductive carbon substrate to support a
larger content of active species as well as to form a better
conductive network for electrochemical processes, compared
with the other solid or non-spherical carbons. In a traditional
fabrication process, a silica-based or other hard templates are
often required, which are of high cost and requires hazardous
treatments to remove. These approaches are economically
unviable, energy-intensive, tedious and time-consuming,
making them very difficult for mass production and meeting
the criteria of green materials and chemistry.7 In this regard, it
is very desirable and practically necessary to develop more
convenient processing and synthesis technologies to produce
MoS2/carbon composites with rationally-designed and
controllable structures, through a simple protocol that is low in
cost, time efficient, and suitable for scale-up.
Based on these considerations, we herein report a facile
solution-based method to prepare hierarchical porous
MoS2/carbon nanocomposites with vertical MoS2 nanosheets
growth on the hollow carbon nanospheres supports, for the
electrochemical storage of Li+, Na+ and K+ ions with high
capacity, excellent rate performance, and stable cyclability.

Experimental Section
Chemicals
Hexadecyltrimethylammonium bromide (CTAB, 99%),
Pluronic F127, Cysteine, sodium molybdate dehydrate,
resorcinol (99%), ammonium hydroxide solution (25%) and
formaldehyde aqueous solution (37%) were purchased from
Sigma-Aldrich company. Water was purified by a Milli Q
system and had an electrical resistivity of 18.2 MΩ cm.
Material synthesis
Synthesis of MoS2/C-0.3: In a typical synthesis, 0.13 g of CTAB,
0.1 g F127 and 0.6 g cysteine were dissolved in the solution
containing 20 mL of water and 8 mL of ethanol. After above
chemicals fully dissolved, 0.3 g of sodium molybdate dihydrate
(Na2MoO4•2H2O) was added. After stirring at 30 °C for 20
minutes, 0.2 g of resorcinol was added. After further stirring
for 30 min, 0.28 mL of formaldehyde solution was added and
stirred for 24 h at 30 °C, and subsequently heated for 24 h at
220 °C under a static condition in a Teflon-lined autoclave. The
solid product MoS2/RF-0.3 was recovered by centrifugation in
water and ethanol for three times and then vacuum-dried at
30 °C for overnight. To obtain MoS2/C-0.3 samples, the
MoS2/RF-0.3 is pyrolysed under 5% H2 in argon flow in the
tube furnace using a heating rate of 1 °C min-1 up to 350 °C,
dwelling for 2 h, and resuming heating rate at 1 °C min -1 up to
800 °C and then dwelling for 6 h.
Synthesis of MoS2/C-0.1 and MoS2/C-0.4: The synthesis
process is similar to the protocol of MoS 2/C-0.3, the only
difference is the amount of Na2MoO4•2H2O used, 0.1 and 0.4 g
of molybdate dihydrate (Na2MoO4•2H2O) was added for
MoS2/C-0.1 and MoS2/C-0.4, respectively.
Material Characterizations
Transmission electron microscopy (TEM) measurements
were conducted on a JEM-2100F microscope (JEOL, Japan)
operated at 200 kV. The samples for TEM measurement were
suspended in ethanol and supported onto a holey carbon film
on a Cu grid. Scanning electron microscopy (SEM) was taken
with a JEOL-7800F field emission electron microscopy. X-ray
photoelectron spectroscopy (XPS) Data was acquired using a
Kratos Axis ULTRA X-ray Photoelectron Spectrometer, their
atomic concentrations were calculated using the CasaXPS
version 2.3.14 software and a Shirley baseline with Kratos
library Relative Sensitivity Factors (RSFs). Peak fitting of the
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high-resolution data was also carried out using the Casa XPS
software.
The Electrochemical Performance of MoS2/C Nanospheres
Evaluation of MoS2/C nanoparticles as LIB anode materials:
The working electrode slurry was mixed with the active
material, Super P-Li, and poly(vinylidene fluoride) binder at a
weight ratio of 8:1:1 in N-methylpyrrolidone (NMP). And then
paste the slurry onto pure Cu foil, followed by drying at 100 °C
under vacuum for hours. The electrochemical measurements
were performed using a CR2016 type coin cell with Li metal as
the counter/reference electrode, a Celgard 2400 membrane as
the separator, and 1 M LiPF6 dissolved in ethylene
carbonate/dimethyl carbonate (EC/DMC, 1:1, v/v) as the
electrolyte. Cell assembly was performed in an argon-filled
glove-box with water and oxygen concentrations below 1.0
ppm. The electrodes were cut to 1×1 cm2 and the loading
amount of active materials in each electrode is around 1.2 mg.
80 µl electrolyte was added in each cell. The galvanostatic
charge–discharge tests were performed within a voltage
window of 0.01-3.0 V on a NEWARE battery tester (NEWARE
BTS-5V10 mA Model, Neware Technology Co., Ltd., China) at
various
current
densities
at
room
temperature.
Electrochemical impedance spectroscopy (EIS) was performed
with an electrochemical working station. The sinusoidal
excitation voltage applied to the coin cells was 5 mV, with the
frequency range from 100 kHz to 0.01 Hz. All the
electrochemical tests were performed at room temperature.
Evaluation of MoS2/C nanoparticles as SIB anode materials:
To test the electrochemical performance of samples as SIB
anode materials, MoS2/C powder samples were mixed with
super P-Li carbon black and a binder, carboxymethyl cellulose
(CMC), in a weight ratio of 80:10:10 in a solvent (distilled
water). The slurry was spread onto Cu foil substrates and these
coated electrodes were dried in a vacuum oven at 100°C for 24
h. The electrodes were cut to 1×1 cm2 and electrochemical half
cells were assembled in an Ar-filled glove box (Innovative
Technology, USA) using CR2032 coin cells with Na metal as the
counter electrode, 1 M NaClO4 dissolved in propylene
carbonate (PC) with a 2% FEC (fluoroethylene carbonate)
additive as the electrolyte, and a Whatman Glass Microfibre
Filter (Grade GF/F) as a separator. The electrodes were cut to
1×1 cm2 and the loading amount of active materials in each
electrode is around 1.2 mg. 80 µL electrolyte was added in
each cell. The cells were galvanostatically discharged-charged
in the range of 0.01-3.0 V with a Land battery testing system.
Evaluation of MoS2/C nanoparticles as PIB anode materials:
The working electrode slurry was mixed with the active
material, Super P-Li, and poly(vinylidene fluoride) binder at a
weight ratio of 8:1:1 in N-methylpyrrolidone (NMP). And then
past the slurry onto pure Cu foil, followed by drying at 100 °C
under vacuum for hours. The electrochemical half cells were
assembled in an Ar-filled glove box (Innovative Technology,
USA) using CR2032 coin cells with K metal as the counter
electrode. 0.75 M KPF6 in a 1:1 (v/v) mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) was used as the
electrolyte. The electrodes were cut to 1×1 cm2 and the

loading amount of active materials in each electrode is around
1.2 mg. 80 µL electrolyte was added in each cell. The cells were
galvanostatically discharged/charged in the potential range of
0.01-3.0 V with a Land battery testing system. Cyclic
voltammogram (CV) tests were performed using Ivium-n-Stat
electrochemical work stations.

Results and Discussion
Material synthesis and characterization
The hierarchical porous MoS2/carbon hollow nanocomposite
was prepared through a one-pot but multi-stepped selfassembly that occurred simultaneously during a hydrothermal
process
(Fig.
1).
In
this
process,
different
precursors/surfactants played very important roles in forming
the expected structure on the materials. Specifically, resorcinol
and formaldehyde serve as the carbon precursors for the
formation of hollow carbon structures. The surfactant CTAB
and F127 play dual roles for the construction of the porous
structure and directing the growth of MoS2 onto the external
surface of carbon spheres with a nanosheet structure.15
The self-assembly of the individual precursor micelles is the
key that leads to the resulted hollow and spherical structure.
Cationic surfactants and block polymers are used as soft
templates to form stabile micelles in the solvent mixture. In
the first step, the MoS2 precursor (i.e. MoO42-) chelates with
the low-crosslinked resorcinol-formaldehyde (RF) clusters in
the assistance of CTAB to form a Mo-RF hybrid complex, which
then assembles on the micelle surface to form a Mo-RF hollow
structure. In the next step, as the temperature goes higher
during the hydrothermal treatment, the cysteine decomposes
and releases H2S to react with the Mo-RF complex precursor to
in-situ form the MoS2/RF hollow spheres (Fig. S1). Finally, the
soft template can be removed and the resulting C@MoS 2
microspheres with well-controlled hollow structured can be
obtained after the subsequent pyrolysis.
The morphology and microstructure of the MoS2/carbon
hollow microspheres (denoted MoS2/C-0.3) were firstly
investigated using SEM and TEM (Fig. 2). Under SEM, the
MoS2/carbon spheres are well-dispersed, with particle sizes of
from 500 nm up to 1.5 µm (Fig. 2a). From the cross-sectional
view of the nanosphere, the large internal voids can be
observed (Fig. 2a inset). The inside layer of the particle shell is
dense and smooth, out of which is covered by the vertically
grown nanosheets with a loose and hierarchical structure.
From the TEM observations, all the particles clearly possess
the hollow structure and the nanosheets are tightly attached
on the shell (Fig. 2b). Even though the materials underwent
intensive ultrasonication before the TEM observation, no
detachment of the nanosheets was observed, which indicates
the high structural integrity and mechanical stability of the
material that is highly desirable for a durable battery cycling
performance.
The fine structures of nanosheets were further studied under
high resolution TEM (Fig. 2c). The nanosheets are 5-10 nm in
thickness and ca. 50 nm in length, with a width of the similar
scale. In each nanosheet, an interlayer distance of ca. 0.65 nm
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can be clearly identified, indicating its nature of MoS2 with a
good crystallinity. Besides, these entangled nanosheets also
have a large inter-sheet space of 5-20 nm. Consequently, the
MoS2 nanosheets on the outside of this MoS2/carbon
nanosphere have an open and hierarchical characteristic,
which could be beneficial for fast mass transportation and
stress-buffering, thus favourable for good rate performance
for repeated lithium ion insertion and desertion.
The heterostructure and elemental distribution of
MoS2/Carbon composites were also investigated by scanning
transmission electron microscopy (STEM) and energy
dispersive spectra (EDS) elemental mapping. As shown in Fig.
2d, the dense MoS2 nanosheets are vertically aligned on
hollow carbon support and gives a much brighter contour
compared with the inside section, confirming the lighter
carbon elements mainly exits beneath the MoS2 nanosheets.
Confirmed by the elemental mapping data (Fig. 2e-h), totally
four elements were detected on the surface of the materials,
including carbon, molybdenum, oxygen, and sulfur.
Molybdenum and sulfur, which come from the MoS 2, are
found to be uniformly distribute on the surface of the material,
giving an elemental mapping with exactly the same geometry
as the TEM dark field image. Besides the heavier elements,
carbon and oxygen also exist within the material. Carbon is
from the hollow carbon support; while oxygen is commonly
observed the carbon materials derived from the oxygen
containing precursors (e.g. the RF resin) or surface oxidation.2931 As a result of these observations, it is confirmed that the
MoS2 nanosheets fully and homogeneously cover the surface
of the MoS2/C microspheres. It proves that the one-pot
synthesis can successfully achieve the vertical growth of thin
MoS2 nanosheets on hollow carbon support, with the desirable
0-dimensional hierarchical structure.

Fig. 2 Microstructure of the MoS2/carbon nanosphere (MoS2/C-0.3). a) SEM image of a
broken particle showing its inner structure); b, c) TEM images at low and high
magnifications, showing the whole particles and the detailed structures of the MoS 2
nanosheets; d) dark field TEM image of the particles; and e-h) elemental mapping of C,
Mo, O, and S of the area in d).

More structural information of the material was revealed by
Raman and X-ray diffraction (XRD). In the Raman spectrum
(Fig. S2), the MoS2/C composite exhibits two broad bands at
1360 cm-1 (D-band) and 1598 cm-1 (G-band). The D band
represents sp2 breathing modes of graphite, and is activated in
the presence of defects within the graphitic structure, with the
G band related to the tangential stretching mode of E 2g
phonon of sp2 carbon atoms. Apart from these, typical peaks
from hexagonal layered MoS2 are also visible at 383 and 408
cm-1. The XRD results of MoS2/C microspheres show
conspicuous peaks at 33° and 59°, which are indexed to (100)
and (110) planes of crystalline MoS2, respectively (Fig. S3). To
determine the weight ratio of MoS2 to carbon in the samples,
thermogravimetric analysis (TGA) was carried out from 25 °C

to 600 °C in air (Fig. S4). The residue of MoS2/C microspheres
after thermal treatment in air is MoO 3. A major weight loss is
observed in the range of 300 to 400 °C, which is due to the
oxidation of C and MoS2 into CO2 and MoO3, respectively. TGA
results show that the MoS2/C-0.3 contain 69% of MoS2 and
31% of carbon. In contrast, MoS2/C-0.1 and MoS2/C-0.4
contain 46% and 74% of MoS2 respectively.
Fig. 3 Chemical composition and chemical states of the elements of MoS 2/carbon
composite (MoS2/C-0.3). a) XPS survey scan of the sample, and inset is the content of
each element obtained from the survey scan; b-d) high resolution XPS scan of C, Mo,
and S elements.

The chemical composition and the chemical states of the
elements in the material were further studied using XPS (Fig. 3).
From the survey scan, the same elements (Mo, S, C, and O) can be
identified, as from the EDS results, with the atomic proportions of
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Fig. 4 Microstructure of the MoS2/carbon nanosphere (MoS2/C-0.1). a) SEM image
of the sample; b) TEM images of the sample, and inset is detailed structure of the
MoS2 nanosheets; c) dark field TEM image of the particles; and d-g) elemental
mapping of C, Mo, O, and S of the area in c).

50.0, 7.6, 15.4, and 27 at.% for C, O, Mo, and S, respectively (Fig. 3a)
. We then obtained the high-resolution spectra of these elements to
study their chemical states as illustrated in Fig. 3b-d. The C1s
spectrum can be deconvoluted into three peaks, corresponding to
sp2-hybridized graphitic carbon (-C=C) at ca. 294.6 eV and carbon
associated with functional groups (i.e. hydroxyl (-C-OH) group at ca.
285.6 eV or carbonyl (–C=O) group at 287.4 eV, respectively) that
inherited from the oxygen containing precursors (Fig. 3b).29-31 On
the other hand for Mo and S, characteristic peaks of the MoS2 (i.e.
Mo3d 5/2 (229.8 eV) and Mo3d 3/2 (232.8 eV) representing the
Mo4+ in MoS2; and S2p 3/2 (162.6 eV) and S2p 1/2 (163.8 eV)
representing the S2- in MoS2) have been observed, which further
confirms the existence of MoS2 in this material (Fig. 3c, d).32, 33 Apart
from this, oxygen-containing species have also been identified in all
these HR XPS spectra, which indicates the existence of oxidized Mo
and S species (e.g. MoOx and SO42-), which might come from the
surface oxidation of the materials in air or during fabrication,
agreeing with the elemental mapping results.
To further understand the formation mechanism, we have
prepared a series of analogue materials by tuning the

This journal is © The Royal Society of Chemistry 20xx
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Na2MoO4 amount during the synthesis and investigated the
resultant particles morphology and structure. By decreasing
the Na2MoO4 quantity to 0.1 g, the resulted material (denoted
MoS2/C-0.1) still shows a uniform particle size of ca. 1 μm with
a hollow structure (Fig. 4a, b). However, its shell thickness
increased to 160 nm and the void space expand to 990 nm.
Similar to MoS2/C-0.3, this MoS2/C-0.1 sample still has MoS2
nanosheets grown on its surface, but in a horizontal manner
with a smaller thickness corresponding to five MoS 2 atomic
layers as shown in the high magnification TEM image (Fig. 4b
inset). The EDS elemental mapping further confirms the
ultrathin layer MoS2 coating on the hollow carbon support (Fig.
4 c-g). On the contrary, when the NaMoO4 quantity was
increased to 0.4 g, the resultant material (denoted MoS2/C0.4) transfers to a complex hollow structure (Fig. 5). The TEM
observations indicate the shell thickness of MoS2/C-0.4 is
around 105 nm and the void space decrease to 760 nm (Fig.
5a). The SEM images illustrate that MoS2 nanosheets are
vertically coated on the carbon shells with a higher density
(Fig. 5b, c). The elemental distribution of this complex yolkshell structured MoS2/C-0.4 shows the MoS2 is also rich in yolk
position compared to the MoS 2/C-0.1 and MoS2/C-0.3 samples
(Fig. 5d-h). In the absence of Na 2MoO4, only normal
microporous submicrospheres with an average particle size of
700 nm can be obtained (Fig. S5). Based on these observations,
it is reasonable to believe that the concentration of Mo
precursor would have a significant impact on the self-assembly
and growth process, and thus modify the hollow yolk-shell
structure of the MoS2/C composite. And this structural
evolution also evidenced by N2 sorption isotherms, that the
higher amount of MoS2 deposited on the surface of hollow
carbon support would cause their N 2 sorption isotherms
transformed from the mixture of type I and type IV (MoS 2/C0.1) to type II. This might be because most of the micropores
and mesopores on the hollow carbon support are blocked by
increased MoS2 layer (Fig. S6). Their BET surface area also
decreased from 239 m2 g-1 (MoS2/C-0.1) to 15 m2 g-1 (MoS2/C0.4).
The Lithium Ion Storage Performance of MoS2/C Nanospheres
Because of the large interlayer distance of the MoS 2
nanosheets and the good electric conductivity of the carbon
spheres, these MoS2/C microspheres are very suitable to be
used as the anode material in a battery to store alkali-metal

J. Name., 2013, 00, 1-3 | 5

Fig. 5 Microstructure of the MoS2/carbon nanosphere (MoS2/C-0.4). a) TEM image of the sample; b) Low magnification SEM image of the
sample; c) High magnification SEM image of thePlease
sample surface;
d) dark
field STEM
image of the particles; and e-h) elemental mapping of C,
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ions, especially for the ones with large dimensions (e.g. Na +
and K+). Firstly, we studied the materials’ electrochemical
lithium storage behaviour (Fig. 6, S7, and S8). When initially
discharged to 0.01V (i.e. lithiation of MoS2), the profile exhibits
two plateaus at about 1.0 V and 0.5 V, respectively (Fig. 6a,
S7). The one at 0.5 V corresponds to the irreversible formation
of the lithium-contained solid electrolyte interface (SEI) film on
the surface of MoS2, whilst the other at 1.0 V reflects the
reversible electrochemical conversion of MoS2 to metallic Mo
and Li2S, which contributes to the actual lithium storage
capacity. Besides, in the charge process, a voltage plateau at
ca. 2.2 V is observed, which is due to the oxidation of metallic
Mo into MoS2 and represents the reversible capacity of the
materials. In the subsequent discharge processes, the plateau
at 0.7 V disappears, which indicates that the irreversible
formation of the SEI film only occurs in the first discharge

process, agreeing with the literature and the corresponding
capacity mainly contributed by the reversible electrochemical
insertion of lithium ions into the electrode.34
Fig. 6 Electrochemical lithium ion storage performance of MoS 2/C-0.3. a) the first,
second, and fifth charge-discharge profile of the MoS2/C-0.3 sample; b) the cycling
performance of the materials; and c) the rate performance of the materials. The testing
rates in a) and b) are 100 mA g-1.

The CV curve of the MoS2/C material was also collected
between the voltage ranges of 0.01-3 V (Fig. S9). Upon the first
discharge, three cathodic peaks appear at 0.9, 0.5, and 0.25 V.
The 0.9 V peak can be attributed to the phase transformation
based on the reactions from MoS2 to LixMoS2 resulting from
the intercalation of Li ions into MoS2 layer.35, 36 With the
proceeding of the electrode reaction, the peak at 0.5 V
appears, which can be ascribed to the conversion of Li xMoS2
into Li2S and metallic Mo. Moreover, the 0.25 V peak may be
attributed to the ongoing reaction with the electrolyte solution
to form the SEI film.37 In the subsequent discharge curves, the
cathodic peaks shift to 1.9 and 1.2 V, corresponding to the
voltage plateau in the second and after discharge profiles.38, 39
This behaviour shows different lithiation mechanisms after the
first cycle, and is in agreement with the charge-discharge

profiles (Fig. 6a). In the anodic scans, two peaks at 1.54 and
2.25 V are observed. The broad weak peak at 1.54 V may be
assigned to a partial oxidation state of Mo which forms MoS 2;
while the pronounced oxidation peak at 2.25 V is due to the
formation of the sulfur.26, 40, 41 This MoS2/C material shows
great structure stability after this charge-discharge process. As
shown in the SEM image (Fig. S9), the hollow structure of
carbon is well maintained and the MoS 2 flakes are vertical
standing after this charge-discharge process.
The reversible capacities of the materials can be obtained
from the cycling stability test (Figs. 6b， S8 and S10). The
MoS2/C-0.3 sample exhibits an initial capacity of 849 mAh g -1,
and then decreased in the next few cycles, possibly due to the
formation of the SEI layers that consumes lithium ions (Fig.
S10).18, 27 Afterward, its capacity gradually increased
throughout the subsequent cycles and finally reached 833 mAh
g-1 at the 100th cycle and 917 mAh g-1 at the 200th cycle. This
gradual increase in capacity could possibly be attributed to the
gradual infiltration of the electrolytes into the hierarchical
structures of the MoS2/C composite as the test continued.
Based on the capacities of the initial and 100th cycle, the
calculated average capacity decay is as low as 0.019% per
cycle, which is one of the lowest values reported in the
literatures.5, 18, 19, 24, 25, 27, 28 In contrast, the samples with a
lower (MoS2/C-0.1) or higher (MoS2/C-0.4) content of MoS2
both showed an inferior performance compared with the
MoS2/C-0.3 material, in the aspects of capacity and cycling
stability. Specifically, the MoS2/C-0.4 sample showed a
relatively higher initial capacity than that of MoS2/C-0.1
sample, but its capacity decreased at a higher rate. The
relatively higher initial capacity of MoS2/C-0.4 might be
attributed to the more MoS2 active material in this material.
However, considering the insulating nature of MoS 2, it is
reasonable to assume that the excessive amount of MoS2 and
lower amount of carbon on MoS2/C-0.4 have caused its lower
capacity due to the lower MoS2 utilization than the MoS2/C-0.3
sample. On the other hand, the capacities of both the MoS 2/C0.1 and MoS2/C-0.3 remained fairly stable after the initial
decay in the first few cycles, while the capacity of MoS 2/C-0.4
continuously decreased throughout the testing, which
indicates that excessive MoS2 would compromise the cycling
stability of the hollow carbon/MoS 2 composites, which is
mainly determined by the binding strength between the MoS2
sheets and the sub-surface carbon substrate.
The rate capability, which reveals how fast the materials can
be charged and discharged, is another important factor
determining the materials’ performance. The rate
performance of the material was evaluated at different charge
and discharge speeds from 100 to 5000 mA g-1 (Fig. 6c). With
the increasing of the testing rates, the capacity of all materials
decreased. For the MoS2/C-0.3, the capacity differences
between various rates are the smallest. At a lower rate of 100
mA g-1, it could deliver a high capacity of over 820 mAh g -1,
close to the capacity obtained in the cycling stability test at the
same rate (Fig. 6b). When the testing rate was significantly
enlarged by 50 times to 5000 mA g-1, its capacity still remained
at ca. 530 mA g-1 and this value could be instantly recovered
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when the testing rate went back to 100 mA g-1, which shows
its rapid lithium storage capability owning to the good
electronic conductivity and the hierarchical structure to
facilitate the transfer of electrons and ions. In contrast, the
MoS2/C-0.1 and MoS2/C-0.4 samples showed a much lower
capacity at various rates, but MoS2/C-0.1 possessed a relatively
more stable capacity compared with MoS2/C-0.4 as the test
continued, which is also in agreement with the cycling stability
test (Fig. 6b). This can be further confirmed by the EIS analysis
(Fig. S11). The semicircle diameters in the high frequency
region of Nyquist plots indicate that the MoS 2/C-0.3
microspheres exhibit faster charge-transfer kinetics than the
MoS2/C-0.1 and MoS2/C-0.4 microspheres. Based on these
results, it would be reasonable to deduce that the good
performance of the MoS2/C-0.3 sample would be a synergistic
result of vertically standing MoS2 nanosheets stably anchoring
on the hollow carbon support in this unique MoS 2 and carbon
heterostructure. Both horizontally oriented MoS2 (MoS2/C-0.1)
or complex hollow structure (MoS2/C-0.4) may impede their
battery performance due to inefficient ionic and electronic
transfer on their pathways, and should be avoided.

the similar processes at both low and high current rates (Fig.
7b). We then evaluated the rate capability of the material by
step-wisely increasing the testing current density from 25 to
1000 mA g-1 (Fig. 7c). At each rate stage, the electrode delivers
very stable and reversible capacity of 450 at 25, 397 at 50, 344
at 100, 276 at 300, 241 at 500, and 200 mAh g-1 at 1000 mA g-1,
respectively. Remarkably, when the current rate is brought
back to 25 mA g-1, the capacity swiftly recovers to 382 mAh g1, showing a strong tolerance for the rapid Na + ion
extraction/insertion even after many repeated cycles. The
cycling stability of the material in the potential range of 0.01-

Sodium and Potassium Ion Storage
Evaluation of the materials capability in storing alkali-metal
ions with larger dimensions was then conducted, firstly on the
sodium ions (Fig. 7a). The first charge-discharge profile was
collected at a current density of 25 mA g-1. In the discharge
curve, it shows three plateaus at around 1.5-1.0 V, 0.8-0.4 V,
and 0.4-0.01 V, respectively. The first plateau corresponds to
the intercalation of sodium ions to MoS2 interlayer, the second
plateau is ascribed to the conversion reaction, and the plateau
at 0.4-0.01 V is due to the insertion of Na ions into the
interface between Mo and Na2S.42, 43 However, the electrode
delivers a relatively large irreversible capacity in the first
discharge, which is generally recognized to originate from the
decomposition of electrolyte to form the SEI film. 39, 42 To
better understand the Na+ insertion and desertion mechanism
on this MoS2/C, the sodiation/de-sodiation process was further
evaluated by CV measurements for the initial three cycles
respectively (Fig. S12a). The CV curve exhibits three reduction
peaks at 1.2-0.7, 0.7-0.4 and 0.4-0.01 V and two corresponding
oxidation peaks at 1.7 and 2.2 V in the first cycle. In the
subsequent cycles, two reduction peaks at 0.7 and 1.7V and
two oxidations at 1.7 and 2.2 V are observed. The CV peaks are
stable in the subsequent cycles, demonstrating a good
reversible and stable sodiation/de-sodiation processes. Based
on these observations, the overall sodiation mechanism can be
represented as follows.44
MoS2 + xNa+ + xe− → NaxMoS2
NaxMoS2 + (4−x)Na+ + (4−x)e− → 2Na2S + Mo

(1)
(2)

The materials rate performance can be firstly revealed by the
charge-discharge profiles at different rates. These profiles of
the electrode still exhibit the typical charge-discharge shape,
which indicates that the sodium insertion/desertion undergoes

3.0 V vs. Na/Na+ and cycling performance and corresponding
charge-discharge profiles of the electrode can be found in
supporting information (Figs. S12b, c). A reversible capacity of
291 mAh g-1 was obtained after 50 cycles at a current rate of
50 mA g-1.
Fig. 7 Electrochemical performance of MoS 2/C-0.3 electrodes in Na-ion cells: (a)
corresponding 1st discharge/charge potential profile at 25 mA g -1; and (b)
corresponding discharge/charge potential profiles of the 5th cycle obtained at
different current rates; (c) rate capability at different current rates ranging from
25-1000 mA g-1 and back to 25 mA g-1.

Subsequently, the MoS2/C material was further charged and
discharged using the even larger K+ ions at a constant current
density of 20 mA g-1 to study its suitability for KIB applications
(Fig. S13). It is demonstrated that the electrode is capable of
delivering a reversible capacity of 278 mAh g -1 at 20 mA g-1
after 20 cycles (Fig. S13a). The corresponding charge-discharge
potential profiles are depicted in Fig. S13b. The first
discharge/charge capacities were measured to be 670/399
mAh g-1 with an initial Coulombic efficiency of 59%. This low
initial Coulombic efficiency may be due to the formation of SEI
layer on the electrode surface, similar as the cases of the
insertion of other ions.45-49 This is also supported by the CV
analysis (Fig. S13c). The CV profile in the first discharge (fist
cathodic scan) suggests that K+ intercalation into MoS2 may
proceed via a series of steps. The intercalation has an initial
broad plateau between 1.0-0.01 V, which is composed of
another two small plateaus at 0.5 V and 0.25 V. From the
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second cycle, this broad plateau at 1.0-0.01 V disappeared,
suggesting the SEI layer formation in the first discharge. Apart
from this, the material anodic curves all show two peaks at
1.09 and 1.69 V, suggesting its reversible K+ ion storage
capability.13

Conclusions
In summary, we have developed a facile approach to prepare
MoS2/carbon hollow microspheres with unique verticallyaligned MoS2 directly grown on the carbon substrate, for the
electrochemical storage of a serial of alkali-metal ions with
high capacity, excellent rate performance, and stable
cyclability as demonstrated in Tables S1-S3. The morphology
and microstructure of the MoS2/carbon microspheres can be
easily controlled by simply tuning the concentrations of the
precursors in the self-assembly process. The as-prepared
material shows an excellent performance for Li + storage. At
100 mA g-1, it possesses a high initial capacity up to 800 mAh g1, with a very small capacity decay as low as 0.019% per cycle
during 100 cycles. At a substantially higher rate of 5000 mA g -1,
it still delivers a capacity of over 530 mAh g-1. Furthermore, the
material also presents a highly reversible Na +/K+ ion storage
capability, making it very suitable for next-generation
secondary batteries. As a result of these excellent
characteristics, these hollow MoS2/carbon composites would
be very promising for the future energy storage and
conversion applications.
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